Fire has become one of the main disturbances in terrestrial ecosystems worldwide. It is known that elevation influences the occurrence of fire events; however, this variable has been poorly studied, although it is of particularly relevance to the Mexican topography. The objective of this research was to analyze the altitudinal distribution of forest fires in Mexico over a period of 11 years. Elevation gradients were defined based on a Digital Elevation Model and the main ecoregions of the country: (1) shrubland and tropical forests (0-1000 masl), (2) grasslands (1001-2000 masl) and (3) temperate forests (> 2000 masl). Each ecoregion was divided into Climate Research Units and the number of fires per unit was quantified. The G Getis-Ord statistic was applied in order to define the spatial patterns presented by the fire events. A relationship between the occurrence of fires and the El Niño Southern Oscillation phenomenon was also determined through a Pearson correlation. The results showed that the occurrence of fire events presented variability along elevation gradients, with elevation a determining factor in their occurrence. Gradient 3, with the highest elevation, had the greatest number of fires and also presented the largest area of fire event clustering. These results contribute to the knowledge of the spatial distribution of forest fires in Mexico and are of value to appropriate decision-making for effective fire management.
Introduction
Fire is considered a natural regulator of ecosystems (Rodríguez-Trejo and Fulé 2003; Rodríguez-Trejo 2015) ; however, in recent decades, it has become one of the main disturbances in terrestrial ecosystems of the world (Bond et al. 2005) . Given predicted climate change scenarios, the severity and frequency of fire events are expected to increase (Flannigan et al. 2005) . In Mexico, forest fires are one of the main causes of vegetation alteration, causing considerable economic and ecological losses (Ávila-Flores et al. 2014) . While forest fires in the country are mainly caused by anthropogenic activities (SEMARNAT 2017) , factors such as climate (Williams et al. 2015; Littell et al. 2016) and topography are also known to be determining factors in their occurrence (Adab et al. 2013; Kumar et al. 2015) .
Worldwide, different studies have reported that fires have a direct relationship with altitudinal gradients (Hayes 1942; Vadrevu et al. 2008; Ahmad et al. 2018) . Specifically, in the Mexican territory this becomes relevant to the different forms of relief, which ranges from 0 to more than 5000 masl. Less than 35% of the national terrestrial area is found at an elevation of less than 500 masl, and more than half of the territory is above 1000 masl (Rzedowski 2006 ). This produces a great diversity of ecosystems and variability in availability of combustible material or fuel (Gray and Jenkins 2017) . Thus, elevation is a fundamental factor in the development of vegetation and different ecoregions are dependent on this variable (Matin et al. 2017) . Environmental factors influencing vegetation thus also affect the fuel complex.
While several studies have incorporated topography as a factor in the occurrence of fire (Simental and Pompa 2016) , to our knowledge, few studies have specifically addressed the elevational perspective. Given its wide range of physiographic characteristics, the Mexican territory represents an ideal site for this type of study.
Knowledge of the spatial patterns of fires along altitudinal gradients can thus help to improve knowledge of fire behavior and contribute to effective fire management. The objective of this study was to analyze the spatial distribution of forest fires in Mexico over the period 2005-2015 at different elevation ranges, assuming the existence of nonrandom variations.
Materials and methods

Study area
Mexico is located in the Northern Hemisphere. To the North, it borders the USA, to the South are Guatemala and Belize, to the East with the Atlantic Ocean and to the West with the Pacific Ocean. It is a country diverse in form and topography, as well as in ecosystems and biological diversity (Fig. 1 ). It has a terrestrial area of 1,964,375 km 2 , of which 26% is covered with xerophylous scrub (developed mainly at elevations of 0-1000 masl), 17.5% with forest, represented by conifers (1500-3000 masl), 16.5% with tropical forest (0-1000 masl), 14.9% with pasture (1100-2500 masl), 16.6% with agricultural land, and 5.6% presents different land uses such as areas with no vegetation, water bodies, urban areas and other vegetation types (INEGI 2016).
Data
Records of fires in Mexico over the period 2005-2015 were consulted. These data are held by the Fire Management Department of the National Forestry Commission (CONAFOR 2016). Data purification was performed in order to account for some inconsistencies in the records. Some atypical data were eliminated (i.e., those that did not belong to forestry zones, badly compiled and incomplete data and erroneous coordinates). Later, a "Shapefile" (Vector format) of points was then created with the geographical location characteristics of each fire (Coordinates, property, municipality, state), causes of the fire, type of fire, type of ecosystem affected, duration, and the start and end dates of the fire event.
Determination of altitudinal gradients
To define the altitudinal gradients, a Digital Elevation Model (DEM) (1 km resolution) and vector data from the ecoregions of Mexico were used. These data were obtained from the National Commission for the Knowledge and Use of Biodiversity (CONABIO 2017) . The choice of the use of ecoregions was based mainly on the fact that the development of vegetation is strongly dependent on elevation (Fig. 2) .
The three elevation gradients selected were defined as shrublands and rainforests, grasslands and temperate forests (Table 1 ). According to Rzedowski (2006) , the shrublands are found from sea level to 3000 masl, but mainly in the territory of the Peninsula of Baja California, as well as along large areas of the coastal plain and the low mountains of Sonora state, in which elevations from 0 to 1000 masl predominate. Similarly, deciduous and rainforests are commonly found in Mexico at elevations between 0 and 1000 masl. Grasslands are found at elevations between 1100 and 2500 masl, although in Sonora state they can reach down to 450 masl. For this vegetation, a gradient of main elevation of 1001-2000 masl was defined. Finally, the temperate forests, mainly represented by conifers, grow at elevations of between 1500 and 3000 masl, are also frequent at higher elevations and constitute the only type of forest that reaches the upper limit of the tree vegetation, at elevations exceeding 4000 masl.
Spatial analysis
Each ecoregion was divided in CRU units with a spatial resolution of 0.5° (http://www. cru.uea.ac.uk/data) and the number of fires per unit quantified. Using a Moran's I index (Moran 1950), a global spatial autocorrelation analysis was developed in order to determine the degree of clustering. This autocorrelation value was obtained using the software GeoDA (Anselin 2003) . A statistic of local spatial autocorrelation (G statistic) was subsequently used. The G statistic of Getis-Ord was applied (Getis and Ord 1992) in order to determine whether the spatial pattern of forest fires is grouped randomly or ungrouped, i.e., to identify the areas where there is a statistically lower or higher concentration of forest fires (hotspots). These are defined through statistics such as the standard deviation (Z score) and probability values (p), where high values of Z score associated with low values of p constitute a hotspot or cluster zone. The G statistic was applied with the hotspot analysis tool in the software ArcGis 10.2 (ESRI 2012). 
Occurrence of forest fires and their relationship with climatic phenomena
The fire-climate relationship was determined using a Pearson correlation analysis (p ≤ 0.05) between the seasonal occurrence of fires (April, May and June) and the El Niño phenomenon (ENSO). The ENSO climate data were obtained from the ENSO Multivariate Index (MEI) (https ://www.esrl.noaa.gov/psd/enso/mei/table .html). This is a robust and reliable index since it considers six atmospheric-oceanic variables (Wolter and Timlin 2011) .
Results
A total of 47,975 forest fires were recorded during the period 2005-2015. The occurrence of fires showed variability across the different elevation ranges (Table 2 ). In Gradient 1, a total of 8676 fires were recorded, of which 3018 corresponded to shrubland ecosystems and 5658 corresponded to rainforests.
Spatial analysis
The coefficient I of Moran revealed the degree of clustering of forest fires in each altitudinal gradient. For gradient 1 (0-1000 masl), global clustering values of 0.4840 and 0.2028 were found in the scrub and tropical forest ecoregions, respectively. Gradient 2 (1001-2000 masl), belonging to the ecoregion of pastures, presented a global clustering value of 0.2495, and it was notable that this was the gradient with the lowest clustering value. Gradient 3 (temperate forests > 2000 masl) presented a value of 0.4492. Figure 3 presents the scatter plot of the Moran index. Cluster zones (hotspots) of forest fires were found in each of the altitudinal gradients. For gradient 1, these clusters are shown per vegetation type, since two ecoregions (shrublands and rainforests) were considered at this elevation gradient ( Fig. 4 ; Tables S1 and S2). The shrubland ecoregion shows a cluster of forest fires in the northern zone of Baja California state (Tijuana). For the rainforests, clusters are identified throughout this ecoregion. The states of San Luis Potosí, Jalisco, Colima, Michoacán, Guerrero, Morelos, Puebla, Veracruz, Oaxaca and Chiapas have small areas, but Quintana Roo is highlighted since a large part of its territory presents a high recurrence of fires.
For gradient 2, which corresponds to grasslands (1001-2000 m), small cluster zones were found in México state, Hidalgo, Michoacán and Aguascalientes, but the states of Jalisco, Guanajuato and Querétaro are zones that feature highly recurrent fires in their grassland ecosystems ( Fig. 5 ; Table S3 ).
Gradient 3, corresponding to temperate forests, had cluster zones in the states of Jalisco, Michoacán, Guerrero, Morelos, Tlaxcala, Hidalgo, Puebla and Veracruz (Neovolcanic Axis; Table S4 ). This was the ecoregion that presented the greatest number of fires as well as the largest cluster zone (Fig. 6 ).
Occurrence of forest fires and their relationship with ENSO
It was found that the number of fires that occurred during the months of April, May and June (the peak of the fire season in most of Mexico) of the evaluated period is closely related to the values of the MEI. The analysis showed a negative correlation, with an r value of − 0.3765 (p ≤ 0.05) (Fig. 7) . There was an inverse relationship between the annual number of forest fires and the MEI; it was observed that the lower the values of the MEI, the higher the number of fires (Fig. 8) . In this case, the year 2011 is prominent for presenting the highest number of fires compared to other years. This year also presented the lowest MEI value and is therefore presented as a year that was atypical, both in climatic conditions and in the number of forest fires.
Discussion
Through spatial analysis (spatial autocorrelation), clusters of forest fires were found along altitudinal gradients. While several studies in Mexico have examined the spatial patterns of forest fires (Vilchis-Francés et al. 2015; Ibarra-Montoya and Huerta-Martínez 2016; Pompa-García et al. 2017; Zúñiga-Vásquez et al. 2017a) , this study shows the clustering of forest fires from an altitudinal perspective and is one of the first studies in Mexico to attempt to demonstrate the altitudinal variation of forest fires. The Moran index identified the degree of clustering (global spatial autocorrelation) of forest fires. However, the G statistic, in conjunction with relief data (DEM) and ecoregions, enabled identification of the specific zones of clustering of fires. Rodrigues and de la Riva (2014) indicate that the G statistic is an efficient and flexible approach by which to determine clustering of forest fires. In Mexico, Pompa and Hernández (2012) describe it as a very useful tool for spatial analysis of forest fires.
One aspect of great importance for consideration in studies that attempt to determine patterns of spatial distribution is which spatial statistic to use. For its part, the G statistic is useful in those cases where global statistics, such as the Kernel estimation, analysis of the K function, Moran's I index and the semi-variogram, show no global spatial pattern. Moreover, these statistics can provide biased estimates of the spatial autocorrelation when the data do not present a normal distribution (Fortin and Dale 2005) . Another advantage of the G statistic is that it is more sensitive to higher intensities of clustering, in contrast to the Moran's I index, which is affected mainly by cluster scale (Zhang and Zhang 2007) . According to Ord and Getis (1995) , the interaction between local and global spatial statistics is of great importance and much further research is required in this regard.
Another aspect to consider are the units of study; in this study, we used CRU with a spatial resolution of 0.5°, assuming that forest fires maintain a close relationship with climatic phenomena (Pompa-García et al. 2017) . However, the use of units such as provinces, forestry management units, ecozones can produce different results (Flannigan et al. 2005 ).
Relationship between forest fires and altitudinal gradients
Elevation is a factor that influences the spatial distribution of forest fires in Mexico; some previous research at global level indicates that fires are closely related to elevation (Rogeau and Armstrong 2017; Ahmad et al. 2018 ). Gray and Jenkins (2017) state that fuels vary with elevation due to variation in vegetation types, and therefore forest fuel complex does. As a general rule, it is known that the quantity of fuel decreases with increasing elevation in specific gradients. Swetnam et al. (1998) report an inverse relationship between fire frequency and elevation and Matin et al. (2017) indicate that fire risk is lower at high elevations. Rogeau and Armstrong (2017) suggest that the probability of fires decreases with each 100 m of increased elevation. In contrast, the results of this study show that the highest number of fires occurs at high elevations > 2000 m, while the lowest number of fires occurs in a range of 1001-2000 m. This indicates that forest fires in Mexico tend to occur at high elevations, where the main ecosystem is temperate forest. According to Cartus et al. (2014) , these areas present considerable quantities of surface carbon, which constitutes a high availability of fuel, compared to gradient 2. Gradient 1, especially the rainforests, also shows high concentrations of carbon. According to Gray and Jenkins (2017) , vegetation cover is the most important factor in forest fires since it dictates the availability of fuel.
In terms of spatial distribution, the cluster zones of gradient 1 (0-1000 masl) shrubland (Baja California) and rainforest (Yucatán Peninsula) present an interesting contrast. In the former, there is prevalence of natural fire regimes in fire-maintained vegetation (Minnich and Franco 1998) , while in the latter there is a prevalence of vegetation that is sensitive to fire. The cluster zones of gradients 2 and 3 (1001-2000 m and > 2000 m, respectively) were notable for their presentation in the upper limits of their altitudinal range. Gradient 3 presented the largest cluster compared to the other altitudinal gradients. The cluster zones of Gradient 3 were mainly found in the Neovolcanic Axis, while the cluster zones of Gradient 2 (grassland), which are fire-adapted, were found in northern areas where there are natural fire regimes in this type of vegetation. However, the clusters are in zones where anthropogenic fire is by far the most dominant form. The cluster zones of this gradient were also located in the surroundings of the Neovolcanic Axis. According to García de Miranda and Falcón de Gyves (1974) , this physiographic region contains the highest topographic zones of Mexico, formed mainly by volcanoes with elevations of 4090-5650 m. Some studies conducted in Mexico confirm that this is a critical area for fires and likewise constitutes a significant area of fire clustering. The hotspots are concentrated on the Neovolcanic Axis, where most of the fire regimes are anthropogenically altered, but some are base fire regimes (altered, but which support the fire-maintained vegetation; Rodríguez-Trejo 2015). There are natural fire regimes present, e.g., in the high zones of the Pico de Orizaba volcano (Yocom and Fulé 2012) ; however, altered fire regimes are also abundant in this hotspot. Zúñiga-Vásquez et al. (2017a) report that the population density in this area is significantly related to the occurrence of fires. The population density is approximately > 700 inhabitants/km 2 , signifying that 20% of the Mexican population is concentrated in this area and the consequent anthropogenic impact reflects the frequency of fire. On the other hand, Pompa-García et al. (2017) modeled the influence of drought on the number of fires in the country and reported no significant relationship between the number of fires and the weather conditions in this area.
Relationship between forest fires and climatic phenomena
While the relationship between the occurrence of fires and large-scale circulatory phenomena has already been documented in Mexico (Pompa-García and Sensibaugh 2014) , the results found here reaffirm this relationship at the national scale. They emphasize the high number of fires that occurred in 2011, which were in synchrony with an atypical episode of the El Niño (ENSO) phenomenon in its cold phase (La Niña). This supports that reported by Zúñiga-Vásquez et al. (2017b) , who explain how the forest area burned in 2011 was regulated by drought, mainly caused by the ENSO phenomenon.
Conclusions
Forest fires in Mexico presented a spatial pattern of clustering across altitudinal gradients over the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . These results demonstrate the influence of altitude on the incidence of forest fires. The main zone of clustering of fires is presented along the Neovolcanic Axis (the highest zone of Mexico) belonging to altitudinal gradient 3 (> 2000 masl).
Nevertheless, gradients 1 and 2 also presented zones of clustering of fires, but at a smaller scale. These zones of clustering of fires can serve to explore variables other than those considered in this and other studies that lead to the occurrence of fires. Moreover, these results contribute to the knowledge of the spatial distribution of forest fires in Mexico and are of value to appropriate decision-making for effective fire management.
